Annual variations of solar radiation at the Earth's surface may be strong and could seriously harm the return of investment for solar energy projects. This paper analyzes the long-term variability of broadband surface solar radiation based on 18 years of three-hourly satellite observations from the International Satellite Cloud Climatology Project (ISCCP). Direct normal irradiance (DNI) and global horizontal irradiance (GHI) at the surface are derived through radiative transfer calculations, using different physical input parameters describing the actual composition of the atmosphere. Validation of DNI is performed with two years of high resolution Meteosat-derived irradiance. Monthly averages show an average mean bias deviation of À1.7%. Results for DNI from the 18-year time series indicate strong and significant increases for several regions in the subtropics up to +4 W/m 2 per year, with exception of Australia, where a small decrease in DNI of -1 W/m 2 per year is observed. Inter-annual variability for DNI is very strong and sometimes exceeds 20%. Comparisons of calculations with and without volcanic aerosol reveal a decrease of up to 16% in annual averages due to volcano eruptions. Changes in GHI are much smaller and less significant. Results show a maximum increase of 0.8 W/m 2 per year and an annual variability of less than 4%. Volcano eruptions reduce annual averages of GHI by less than 2.2%. The two reanalysis data sets investigated differ strongly from each other and are far off the validated results derived from satellite data. Trends are weaker and less significant or even of opposite sign.
Introduction
Rising interest in large scale solar energy applications requires reliable information on solar resources and their stability. Long-term data are needed for a valid selection of suitable sites. Knowledge of the variability of incoming radiation is 0038-092X/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi: 10.1016/j.solener.2006.03.004 required for estimates of worst case scenarios in solar power project development e.g. after volcano eruptions. Reliable long-term radiation measurements are rare, especially in areas that are interesting for solar energy applications.
Investigations based on surface measurements of global irradiance found a decrease until 1990 (Gilgen et al., 1998; Liepert, 2002) . Latest findings of Wild et al. (2005) report an increase since 1990. The cause of this is assumed to be the changing aerosol content of the atmosphere. Very little is known about the long-term behaviour of direct radiation. An increasing direct/diffuse ratio was observed in Germany and the USA due to changing aerosol composition (Liepert and Tegen, 2002) . After the eruption of Mount Pinatubo in 1991 a peak extinction of up to 27% on the direct beam was observed (Molineaux and Ineichen, 1996) . Productivity of solar power plants after the eruption was 30% lower than in years without volcanic pollution (Michalsky et al., 1994) .
Reanalysis data sets assimilate observational data of the past in a temporally consistent way to produce a best estimate of the historical state of the atmosphere. Observational data from surface measurements, radiosondes, and recently also satellites are used to calculate the state of the atmosphere and its processes including radiative fluxes. The model output may be used to analyze variations of solar irradiance over time. However both reanalysis data sets seem to have problems reproducing all-sky irradiances (Allen et al., 2004; Yang et al., 1999) .
To gain information about solar radiation over a long time period and at remote sites, satellite data are an ideal means since it covers the whole globe and has been recorded for many years now. Pinker et al. (2005) investigated the behaviour of global irradiance derived from ISCCP data and found a decrease until 1990 and an increase thereafter. No study has been performed on direct irradiance so far. Since direct irradiance is expected to react even stronger to changes in the atmosphere than global irradiance, results could be valuable not only for solar energy issues but also serve as a very sensitive indicator of climate variability.
Method and input data
Time series presented in this study are based on cloud data from the International Satellite Cloud Climatology Project (ISCCP). The ISCCP aims at providing a global climatology of clouds derived from operational weather satellite data and is compiled by NASA (Schiffer and Rossow, 1983) . Below 55°latitude the data of geostationary satellites (Meteosat, GOES, GMS, INSAT) are used, if available. At high latitudes and in case of failures of geostationary satellites, data from the polar orbiting NOAA-satellites are included. To reach good congruence all instruments are normalized to a common reference satellite. During this procedure all trends due to instrument drift and changing satellites are eliminated (Rossow et al., 1992; Brest et al., 1997) . Several data sets have been produced by ISCCP. Most convenient for the purpose of this paper is the global ISCCP FD (flux D series) data set which is based on the D1 cloud data (Rossow and Schiffer, 1999) and currently covers the time from July 1983 to June 2001 with a spatial resolution of 280 km on an equal area grid and a temporal resolution of 3 h. ISCCP cloud data include cloud top pressure, optical thickness, and top temperature (Rossow et al., 1996) . Based on these properties 15 cloud types are differentiated and a cloud amount for each of them is given. Additionally TIROS Operational Vertical Sounder (TOVS) products, Total Ozone Mapping Spectrometer (TOMS) ozone products, a climatology of stratospheric and upper tropospheric water vapour from the Stratospheric Aerosol and Gas Experiment (SAGE) II and several other input data sets are used to produce longwave and shortwave radiative flux profiles of global irradiance (Zhang et al., 2004) , but no direct irradiance is available in the ISCCP FD data set.
As input data to our radiative transfer calculations cloud data, ozone, precipitable water, and surface albedo are taken from the ISCCP FD input data set. An effective solar zenith angle for each three hour interval and the mean ground elevation for each grid box is also provided by ISCCP FD. Extraterrestrial solar radiation is corrected for the varying Sun-Earth-distance. Standard atmospheres (Anderson et al., 1986) for the different latitude regions and seasons are used as atmospheric background, with ozone column and precipitable water scaled to the values given by the ISCCP FD data set. Cloud top pressure is converted into a cloud top height. Cloud geometrical thickness is always set to 1000 m since it has negligible impact on surface irradiance values. For water clouds the transformation of liquid water content and effective droplet radius to optical properties is done with the parameterization of Hu and Stamnes (1993) with an effective droplet radius of 10 lm. For ice clouds the parameterization of Yang and Key (Yang et al., 2000; Key et al., 2002) is used with an effective particle radius of 30 lm. This is consistent with the cloud optical properties retrieved in ISCCP (Rossow et al., 1996) .
Special attention is given to aerosol. For tropospheric aerosol, 12 monthly climatological values are used, calculated by a combination of several transport models for four different aerosol species (Tegen et al., 1997) . The spatial resolution of the data (4°· 5°) is remapped to fit the ISCCP grid. Thus, due to a lack of good data sets describing the actual aerosol content of the troposphere it is assumed that the concentration of tropospherical aerosol is constant throughout the years. Nevertheless the aerosol load of the atmosphere can show strong inter-annual fluctuations. These are strongest for the stratospheric aerosol content after a highreaching volcanic eruption. In case volcanic aerosol is ejected up to the stratosphere its contents typically have a decay time of one to two years (Robock, 2000) . To account for this effect, monthly values of stratospheric optical thickness by Sato et al. (1993 + updates, Fig. 1 ) are added to the tropospheric background. The data span the time from 1850 to 1999. For the period considered here optical thickness is derived from satellite data (Stratospheric Aerosol Measurement (SAM) II and SAGE II). The original 7.5°latitude bands are interpolated to fit the ISCCP resolution and extended through June 2001 assuming an exponential decrease.
To derive direct irradiance from ISCCP and get independent results for global irradiance a procedure is developed which uses precise radiative transfer calculations. For this purpose the two-stream solver of Kylling et al. (1995) is used, which is part of the library for radiative transfer (libRadtran, Mayer and Kylling, 2005) . The two-stream method solves the linear transport equation applicable to radiative transfer in a vertically inhomogeneous layered media. A 32-band correlated-k parameterization after Kato et al. (1999) is used for the calculation of spectrally integrated values over the solar spectral range (200-4300 nm). Radiative transfer calculations are carried out separately for clear sky and for each of the 15 ISCCP cloud types assuming homogeneous cloud layers. The results are summed, weighted with the cloud amount of each cloud type and the proportion of clear sky respectively to get 3-hourly irradiance values.
Validation
A validation of the newly developed libRadtran-ISCCP-method is performed by comparison with high precision Meteosat-derived DNI, according to Meyer et al. (2004) , which is a slightly modified method of Schillings et al. (2004a) . The Meteosatderived data have a spatial resolution of 5 km and has been validated against surface measurements from seven sites, showing a relative mean bias deviation (rMBD) of less than 2.5% (Meyer et al., 2004) . Irradiance values from this half-hourly Meteosat data with 5 km nominal resolution are calculated for the area of 280 km · 280 km, matching the position of one ISCCP box. Results are then averaged temporally and spatially to match the ISCCP resolution. Using this method for validation avoids comparison of satellite data with low spatial resolution (280 km) to single spot ground measurements. Therefore errors due to differing scales can be minimized.
The period for the comparison covers two years (1999, 2000) . For 10 ISCCP-boxes monthly averages are included in the validation procedure, their ISCCP box numbers and geographical locations are listed in Table 1 . Fig. 2 shows a plot of both time series for an ISCCP-box covering parts of Saudi Arabia, Jordan, Israel and Egypt. The libRadtran-ISCCP-procedure describes well the annual cycle with a correlation coefficient r of 0.94 (average over 10 boxes is 0.95, see Table 2 ). The rMBD varies between À10% and +5% with an average À1.7%. DNI calculated by the libRadtran-ISCCP method is mostly smaller than the Meteosat-derived results, only two ISCCP boxes show higher values. These boxes both cover more then 30% of ocean. The Meteosat-derived DNI has yet to be validated for regions over sea, therefore results might be less reliable.
The root mean square deviation (RMSD) averaged over 10 boxes is 10.5% for monthly values. We don't have enough data to calculate an RMSD for annual averages. Assuming a linear dependence between RMSD and time resolution (Schillings et al., 2004b) , the deviation for annual averages can be derived from the monthly data, resulting in an estimated RMSD of 4.2%.
Results
Annual averages of DNI for three ISCCP boxes are shown in Fig. 3 (dark bars) . A linear regression (solid line) reveals a strong increase of DNI during the observation period for the ISCCP boxes in the Near East (box 4834, +3.9 W/m 2 per year) and South Africa (box 1657, +2.4 W/m 2 per year), whereas the Australian box shows slightly decreasing values (box 1954, À0.9 W/m 2 per year). The significance of these trends is tested using a students ttest (Press et al., 1992) . Significance levels as well as 18-year means and linear regressions for the 12 boxes used in this study are given in Table 3 .
The eruption of El Chichon at the beginning of the analysis period (Fig. 1) and also Mt. Pinatubo (June 1991) causes a maximum reduction of up to 16% for annual averages and can be recognized for at least three years (grey extensions in Fig. 3 ). The 18-year mean is increased by up to 4.6%. Trends are shifted by -0.4 W/m 2 per year on average (Table 3 and dotted lines in Fig. 3 ). For two boxes, this results in a change from a weak positive to a weak negative trend. Neither of these trends is statistically significant.
Results for GHI are summarized in Table 3 (bottom). Time series mostly show trends of the same sign as DNI but smaller magnitude, for three boxes trends are of opposite sign. Again these trends are not significant. Values for single years increase by Table 3 Long-term averages and trends of DNI and GHI derived from ISCCP cloud data with libRadtran. Results for time series in Fig. 3 up to 2.2% when calculated without volcanic aerosol, the 18-year average by a maximum of 0.8%. Time series in Fig. 3 also point out that even without influence of volcanic aerosol the interannual variations of direct irradiance are strong. If short time series are used to derive long-term averages, errors in the estimates can be large. Fig. 4 depicts the maximum deviation of averages over shorter time periods from the 18-year average for the box number 4834 (Saudi Arabia/Jordan/Israel/ Egypt). It becomes obvious that it is hardly possible to analyze the suitability of a site for solar systems with a short time-period of data. Taking results from one year of measurements could be more than 15% above or below the long-term average. Averaging five years still could lead to deviations larger than 10%. Thus, at least 10 years of data should be taken into account to gather reliable information on solar resources.
Comparison with other data sets
To further validate our results we compare our global irradiance data with several other data sets.
The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-40 (Simmons and Gibson, 2000) data set spans 45 years from 1957 to 2002. In this paper the output with six-hourly temporal and 2.5°spatial resolution is used. Concerning irradiance data the ERA-40 reanalysis provides sums of global, but no information about direct irradiance. The National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis (Kalnay et al., 1996) cover the time from 1948 to present with a temporal resolution of six hours and a T62 horizontal resolution ($210 km). Surface radiation data include global and direct radiation. The latter spans only the visible spectral range. Additionally global irradiance provided by the ISCCP FD data set is also included in the comparison. Naturally it has the same temporal and spatial resolution as the results derived with libRadtran.
Both the ERA-40 and the NCEP/NCAR grids coincide neither with each other nor with the ISCCP grid. Therefore results for nine ISCCP grid boxes are spatially averaged, centered around the boxes presented as examples for DNI time series in Section 4. A variable number of reanalysis grid boxes is chosen such that the area of the nine ISCCP boxes is best covered. Annual averages for all four data sets are shown in Fig. 5 .
Annual averages of GHI calculated with libRadtran and from ISCCP surface flux data (FD srf) show good agreement for two out of three regions (Fig. 5, Table 4 ). The time series for the Near East shows a slight offset between the two curves of 4.4% on average, but both data sets include a significant positive trend and demonstrate the same temporal characteristics.
GHI from ERA-40 reanalysis is lower than the ISCCP derived values for the Near East region but shows generally good agreement for the South African region. For Australia the ERA-40 curve lies slightly above the ISCCP derived curve. Trends for South Africa and Australia are significant. A closer investigation of the 17 years overlapping with ISCCP data shows a significant trend for Australia only.
GHI from the NCEP/NCAR reanalysis is higher than all other data sets for all regions considered here. The 56-year curve shows a significant positive trend for the Near East region and a significant negative trend for Australia. Considering only the 17 years overlapping with ISCCP, trends for South Africa and Australia become significant (Table 4) .
To evaluate the strong trends in DNI annual averages of direct radiation from the NCEP/NCAR reanalysis are analyzed. This reanalysis irradiation data cover the visible range from 500 nm to 700 nm (NCAR, 2004) . LibRadtran-ISCCP-derived results are recalculated to match this spectral range. NCEP results are much higher than libRadtran-ISCCP values (Fig. 6 and Table 5 ). Major reason for the strong overestimation might be that the NCEP/NCAR derived visible spectrum range for DNI is actually wider than indicated at NCAR (2004). The direct irradiance in the NCEP data are rarely used and not well documented. Temporal characteristics of the two time series show very poor plete 56 years covered by the reanalysis data a significant slightly positive trend is identified for the Near East region and a significant negative trend for Australia. The areas of the compared regions do not match entirely, since the reanalysis data sets have differing spatial resolutions. Therefore some deviations were expected. But the magnitude of the differences is surprisingly high. However, for the NCEP/NCAR reanalysis earlier studies reported a persistent overestimate of the reflected solar radiation, possibly related to shortcomings in the cloud/moisture parameterization in the NCEP assimilation system (Yang et al., 1999) . For the ERA-40 large systematic biases in the total-sky radiation budget are reported by Allen et al. (2004) , probably related to inaccurate radiative properties of clouds in the model.
Summary and conclusions
The radiative transfer calculations presented in this paper are based as far as possible on observational data of the atmosphere. Special attention was given to DNI, as no other data set is available providing direct irradiance over a long time period. Clouds are the most important part of the atmosphere concerning radiation. Therefore cloud data from the ISCCP FD input data set were used to provide a consistent global data set over 18 years. Since global long-term data are not available for tropospheric aerosol properties, a climatological annual cycle is included that does not vary from year to year. Thus, the true variability of the irradiance might be even stronger than calculated here. Furthermore, no information about the vertical distribution of atmospheric constituents especially tropospheric aerosol was included. This, however, affects only the diffuse irradiance, while for direct irradiance only the integrated optical thickness of the atmosphere is relevant.
An 18-year time series of DNI and GHI has been calculated with libRadtran. Validation with high resolution Meteosat-derived direct radiation indicates that the method is reliable and well reproducing monthly averages with an average rMBD of À1.7%. Strong and significant trends were found for several regions in the subtropics in the time series of DNI. The largest increase is occurring in the Near East region (+3.9 W/m 2 per year). So far a negative trend could be identified only for ISCCP boxes in Australia (-1 W/m 2 per year). Trends in GHI are correlated, but up to a factor 10 weaker. However, these changes are still mostly significant. Only a small part of the discovered trends can be explained by volcanic aerosol (the eruption of El Chichon decreases irradiance values at the beginning of the studied time period), as calculations without volcanic aerosol proved. A possible explanation for the observed temporal characteristics are changes in cloud cover and their optical properties. Calculations have to be expanded to more regions of the globe to get a better overview of the processes in the Earth's atmosphere.
Comparisons of the libRadtran-ISCCP-results including and excluding stratospheric aerosol reveal a strong influence of volcanic eruptions on direct irradiance with a maximum attenuation of 16% for annual averages of DNI. Annual variability of DNI is large, not only for reasons of volcano eruptions, but also due to strong variability of cloud amount. Results indicate that only with a time series of at least 10 years a reliable assessment of direct solar radiation resource can be made which differs less than 5% from the long-term average. Again the effect is much weaker for GHI, with a maximum attenuation of 2% for annual averages. This can be explained by the fact that changes in cloud amount or aerosol load directly diminish or enhance direct irradiance, whereas for global irradiance a decrease of the direct fraction is mostly compensated by an increase of the diffuse fraction and vice versa.
Comparison of the results with GHI provided by the ISCCP FD srf data set shows very good agreement of the temporal characteristics. For two regions ISCCP FD srf underestimates GHI by 1%. The Near East region revealed an average deviation of 4.4% between the two curves. Data refer to a spatial average of nine ISCCP boxes, therefore the effect is not spatially confined. One possible explanation could be the different aerosol data sets used for the radiative transfer calculations.
Irradiance data provided by reanalysis projects fit only roughly the characteristics of long-term variability of solar radiation. DNI for the visible spectrum taken from the NCEP/NCAR reanalysis showed an average overestimation of 64%. GHI from the ERA-40 data set underestimates yearly values on average by 6%, the NCEP/NCAR reanalysis data are on average 11% too high. Inter-annual variability also shows poor agreement. The main source of error is assumed to be the cloud parameterization in current reanalysis models. Therefore for a reliable assessment of the solar resource quality long-term satellite-based irradiance data should be used.
